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Spontaneous chemical ordering and exchange bias in epitaxial
Mn, 5oPdg 45/ Fe(001) bilayers prepared at room temperature
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We report spontaneous chemical ordering ofgMiPd, 45 films, grown by molecular-beam epitaxy

on body-centered-cubic F#1) films. The bilayers were grown at room temperature onto a seeding
structure of Ag001)/Fe001)/GaAg001). X-ray, neutron, and electron diffraction studies confirm
extensive chemical ordering of the MnPd to theyldntiferromagnetic phase which grows as a
twinned film with the tetragonat axis in the film plane. The Fe film exhibits a unidirectional
exchange bias and we find no pronounced difference in magnetic structure of the biased Fe layer at
the ascending and descending crossing fields where the net moment along the applied field axis is
zero. © 2002 American Institute of Physic§DOI: 10.1063/1.1436286

The phenomenon of exchange biagiimgferromagnetic/  tion of an abrupt FM/AF interface, with a well-defined
antiferromagneti¢FM/AF) bilayers is of intense current in- chemical and magnetic structure, does not hold.
terest because of its widespread application in spin valves Here, we show that a-axis epitaxy of MnPd on bcc
and magnetic tunnel junctions. Despite this activity, theFeg001) can be achieved at room temperature. Spontaneous
physical basis of exchange biasing remains incompletelghemical ordering and exchange biasing are demonstrated.
understood. Exchange biasing has been studién model  This result has technological significance since alj ati-
epitaxial FM/AF material systems which incorporate low- ferromagnets currently used in applications require deposi-
temperature antiferromagnets such as,fat MnF,. How-  tion or field annealing at temperatures above 200 °C to es-
ever, in practical applications, antiferromagnets witheNe tablish exchange bias.
temperatures far above room temperature are required. The The bilayers were grown by molecular-beam epitaxy
understanding of the phenomenon in these cases is far legsIBE) on GaA$001) wafers. A magnetic bias field 650
developed. Oe along a GaA400] direction was present during growth.

A class of such antiferromagnets are the alloys MnNi,A seed layer of~20 A Fe was deposited on the G425.4)
MnPt, and MitPt,Pd. These are antiferromagnetic in the surface with the substrate at 180 °C, followed by a(861)
chemically ordered Ld (CuAu I) phase. Several issues re- film at 100 °C. The sample was cooled to 30 °C and a bilayer,
main unresolved, including the dependence of exchange biagnsisting first of Fe then MnPd, was grown. Reflection
on the crystallographic orientation of the AF in contact with high-energy electron diffractiodRHEED) patterns showed
the FM and dependence of exchange bias on the extent anglatively sharp streaks confirming epitaxial growth
length scale of chemical ordering. Fe/MnPd bilayers werere(001)Ag(001)IFe(001)GaAs(001). However, the
introduced by Tanget al*® as a model system for study RHEED pattern from MnPd showed diffuse lines resulting
since MnPd is a higlt540 °Q Neel temperature LdAF and  from a superposition of two structural domains with the
the geometric match of its basal plane to body-centeredynpdc axis parallel to FgL10] or [110]. A capping layer of
cubic (bcd Fe@unpa/v2=2.878 A; ar=2.866 A) sug-  Auwas deposited on the MnPd. The MnPd composition was
gests that MnPd001) can be grown epitaxially on bcc Fe determined by Rutherford backscattering@BS) to be 52
with the ¢ axis along the film normalc-axis growth. How-  +294Mn and the composition profile of the sample deter-
ever, we have shovithat c-axis epitaxy anch-axis epitaxy  mined from a fit to the specular x-ray reflectivity dataee
[MnPd(100)|Fe(001)] can be achieved at a growth tempera-Taple |). The interfaces between the layers were modeled as
ture of 200°C on bcc RB01), the growth orientation de- error functions with variable full widths at half maximum
pending on the surface morphology of the Fe film. Similarly,that ranged from 12 to 16 A.

Chenget al.’ reporteda-axis andc-axis epitaxy of MnPd on X-ray diffraction scans confirmed the MnRdaxis was
bce Fe001)[MgO(001) grown by sputtering. In this latter i pjane and twinned with MnFFEOL]|F110], Ag[100] or
work, the substrate temperature was held at 200 *@fxis  Fg110], Ag[010]. The average long-range chemical order
growth and 300 °C foc-axis growth. At these elevated tem- haramete(S) was determinéd to be 0.85-0.05. Measured
peratures, significant interdiffusion is inevitable and the no44ttice constants of MnPd wer@(norma)=4.05+0.01,
a(in plane)=4.054-0.006 A and c(in plane)=3.620
aE|ectronic mail: farrow@almaden.ibm.com +0.005 A. These are similar to bulk valdéga=4.07 A
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TABLE I. Properties of epitaxial MnPd/Fe samples.

Sample No. Film He/He trd tpnpd Sample No. o (erg/cmy)

Growth T normal (eF2) A) Growth T +0.005 S
1333 a axis 32+2/75%2 50+5/388+ 15 1333 0.027 0.85:0.05
30°C (1.0° 30°C
13554 c axis 29+2/37+2 85+ 10/259+ 20 13558 0.042 0.9-0.1
200 °C 0.69 200 °C
13558 a axis 46+2/86+5 85+ 10/259+ 20 13558 0.067 1.0-0.1
200 °C (0.68° 200 °C

#Profile from x-ray reflectivity: Au(2% 2)/Mng sPd, 44 388+ 15)/Fe(50:5)/Ag(295+5)/Fe(20: 10)/GaAs(001).
bProfile from RBS: Au(22=2)/Mng sy- 0 0P h 48+ 0.0A 259+ 20)/Fe(85-5)/MgO(001).
“Approximate volume fraction of the MnPd film with the stated orientation.

andc=23.59 A) of Mn sPd, 45. High-angle neutron diffrac- tion state of the incident and scattered neutron spins, which
tion measurements of the 388 A-thick MnPd I&yesvealed are aligned either parallek-, or antiparallel,—, to the ap-
a growth-axis(100) magnetic reflection and thus the MnPd plied field) The NSF reflectivities sense the chemical struc-
layer is antiferromagnetic at room temperature. We suspedtre of the multilayer, and the splitting betwe& * and
the film orders as a collinear antiferromagnet similar to bulkR™ ~ is sensitive to the component of the in-plane magneti-
MnPd12 zation parallel to the applied field. The SF reflectivities pro-
Transmission electron diffraction patterns from plan-vide information primarily about the projection of the in-
view samples confirmed twinning of the MnPd film and plane magnetization perpendicular to the applied field.
showedFig. 1(a)] strong(001) superstructure spots resulting Figure 2 shows reflectivity data for a field of 29 Oe applied
from the superposition a001) spots from the two structural perpendicular to the bias directi¢®0° and 270F after satu-
domains. The absence f10-type spots suggests the ab- ration. The data exhibit Kiessig fringes with spacing in-
sence of structural domains with tieeaxis perpendicular to  Vversely proportional to the layer thicknesses. The SF scatter-
the film plane. From both plan-view and cross section micro-
graphs the average size of the in-plane domains of the MnPd
was ~50 A. High-resolution and diffraction contrast images
of the FM/AF interface were consistent with a chemically
sharp interface of width-5 A. (The x-ray reflectivity rough-
ness is larger since it measures both physical and chemical
intermixing and averages across a larger regitmterfacial
misfit dislocations were observed, suggesting relaxation of (a)
misfit strain.
Figure Ib) shows longitudinal magneto-optical Kerr ef-
fect (MOKE) loops recorded with the applied field along the
four in-plane FELOG symmetry directions. For the field ap-
plied along the bias directionf(=0°) the loop is shifted to
negative field by 32 Oe. Reversal of this shift when the field
was reversedg=180°) confirmed the unidirectional nature Directions in plane of film:
of the bias. Along orthogonal easy directions of e 90°

and 2707 a double loop was observed. For these directions, g:[‘:ggm A
the field axis is orthogonal to the bias direction. At suffi- H
ciently high fields, the magnetization saturates along the field (b) GaAs[100]
direction. However, as the field is reduced, the magnetization Fe[100] easy
rotates to the bias direction because this is the single equi- Y — T ——
librium magnetic state of the Fe film in zero field. Finite R 5 W O e ..
coercivity causes this transition to occur at nonzero field. By g ” ] -
using vibrating sample magnetometery, with two orthogonal E 05 i 08
sets of pick-up coils, we confirmed that at the crossing points = e -
(zero component of magnetization along the field agie " 5002007100 0 100 20 300 300200100 0 100 200 300
Fe moment was oriented along the bias direction. 1:90" ', 180°

At room temperature, we also measured the field depen- £os 05
dence of the neutron reflectivity for treeaxis MnPd sample g o } r" o

X . . ° . 0.5 0.5
for fields applied parallel, perpendicular and at 45° relative £ . §
to the bias direction. For these measurements we used 4.75 A a5 asl i

~300 -200 -100 100 200 300 -300 -200 -100 100 200 300

neutrons on the NG-1 reflectometer at the NIST Center for Fleld (Oe) Field (Ce)

Neutron Research and measured the nonspin(NIP re- FIG. 1. (a) Transmission electron diffraction pattern from plan-view sample.

o ++ —— o i Note four superstructure MnR@D1) spots which arise from MnPd twins,
f!eCtIVItJ%S, R "i“ldR ) and th_e Spin ﬂlF‘,SF) reflectlvél?f each having c-axis in-plané) MOKE loops (longitudinal Kerr geometry,
ties, R"~ andR using techniques detailed elsewhete. pe_Ne Jaserrecorded for field along easy directions of Fe in plane. The

(The + and — signs in the superscript denote the polariza-(unidirectional bias direction is defined as [A®0], ¢=0.
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T ] ordering §~1) for both a andc-axis epitaxial samples

Non-Spin Flip (NSF) grown simultaneously. Table | summarizes the propefires

present study has a lower interfacial coupling energy than the
samples in which the MnPd was prepared at 200 °C on Fe/
6 - e R” MgO. This probably reflects the higher degree of chemical
. s R ordering. Secondly, thea-axis sample, grown on MgO,
000 oo oo ooe oos oio omm showed a larger interfacial coupling energy than thexis
y sample. Our x-ray diffraction measurements of peak widths
QA7) (AQ) and rocking curve width$A®) show that the struc-
FIG. 2. Polarized neutron reflectivity as a function of the wave veQpr  tural coherence length for tleeaxis sample is larger than for

Data were obtained in a field of 29 Oe applied perpendicular to the bia Ay ; ;
direction(90° and 270y after saturation in a-400 Oe field. The data were the a-axis sample. Using the Imegral breadth method, we

corrected for instrumental background and the efficiencies of the poIarizin@S.timate values of 12 nm and 10 nm, reSpeCt'ively- This im-
elements. The fits are shown as solid and dashed lines. plies a larger magnetic and structural domain size of the

MnPd which may lead to amallerinterfacial pinning en-
ergy. This is supported by calculations of Li and Zhah@n

the other hand, Chengt al.’ reporta-axis epitaxial samples
show much smaller interfacial coupling energy thaaxis
samples and suggest this may be due to a different spin struc-
ture of the MnPd interfacial plane. However, because of the

that the Fe seed layer has a small moment oriented appro>ﬁjfIgh growth/annealing temperatui230 °C—300 °in these

mately 50° 'relaluve o the bias d|rect|on.' . latter experiments, it is unlikely the interfaces are atomically

Magnetization and neutron reflectl\(lty measureme.ntsabrupt and an assumption of a bulk-like spin structure is
rbrobably not valid. The results of Cherg al. may reflect a
different degree of interdiffusion or a different length scale
for the chemical ordering.

In summary, we have quantified spontaneous chemical

'
N

Spin Flip (SF)?

= R q1° g cluding interfacial coupling energy density;, estimated

2L R s from o =HeMed e Where M andte, are the magnetization

%‘ and thickness of the pinned Fe layeof MBE-grown
Mg, 12 5 samples.

AL gy = The spontaneously ordered MnPd/Fe bilayer of the
(0]
i
o
o
-

Log, (Reflectivity of NSF)

ing is strong and the NSF reflectivitieR," * andR™ "~ are
nearly coincident. Fits to the datsolid lineg reveal that the
Fe layer moment is fully aligned at 4° relative to the bias
direction(nearly perpendicular to the applied figl#Ve note

for fields applied perpendicular to the bias direct{®A°® and
270°. For fields applied parallel to the bias directi@?t and
1809, small splitting between thR*™ " andR™ ~ reflectivi-

ties and the absence of SF scattering in neutron reflectivit rdering and interfacial pinning at room temperature in
data obtained at the crossing fields indicate that switching Oi—axis epitaxial MnP@LO0 films on F&001/Ag/Fe/

thded_lie m??egttdwg_(;nontprﬁceeds via domain f;rdmf?tlon. IrbaAs(OOl). The identical magnetic structure of the Fe film at
adation, the data did not snow any pronounced di erencegositive and negative field crossings contrasts with re$ults

n tdhe ma?net]lc IzharaCt?”s“C?hOf the Feltlayer ?t tkle %?]Slttlv or FeF,/Fe bilayers, showing that different mechanisms of
and negative TIeld crossings. 1hese results contrast with Stu nagnetic pinning operate for different materials.
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